Static susceptibility and 13 C NMR studies on solid C 76 are reported. The molecular dynamics of C 76 in the solid phase was found to be strongly affected by the purification process, showing a different manner from those in solid C 60 and C 70 . For the sublimed C 76 , the 13 C NMR spectra indicate that quasi-isotropic molecular rotation exists above ϳ140 K in the time scale of 20 s. Above 170 K, the rotational correlation time obeys an Arrhenius law ϭ 0 exp[T 0 /T] with 0 ϭ1.8 psec and T 0 ϭ1350 K. However, an orientational ordering transition or glassy phase transition was found to take place around 135-170 K. Static magnetic susceptibility was also determined as Ϫ7.16Ϯ0.10 cgs ppm per mole of carbon at 300 K. ͓S0163-1829͑96͒00421-3͔
I. INTRODUCTION
One of the most significant features in the physical properties of fullerenes is large amplitude molecular rotation in the solid phase. In the case of fullerene C 60 with the most spherical shape and the smallest size, the molecule exhibits a quasi-free rotation around room temperature and undergoes an orientational ordering phase transition at ϳ260 K.
1- 4 The second smallest fullerene C 70 with an elongated ͑ellipsoidal, 7ϫ8 Å͒ molecular shape shows phase transitions in two steps. With increasing temperature the freedom of the molecular rotation around the molecular long axis melts first at ϳ280 K, and then the melting phase even around the short axis starts to appear at 340 K. 5, 6 However the study of the third smallest fullerene C 76 has been very limited compared with those of C 60 and C 70 , and no phase transition has been reported so far. [7] [8] [9] A fullerene consisting of 76 carbon atoms, C 76 , has a chiral D 2 structure, 10 which is fairly flat and deviates from a sphere; the length of the three principal axes is calculated to be 8.75, 7.50, and 6.54 Å. 11 The crystal may be a mixture of right-handed and left-handed chiral molecules.
In the present paper, we report a 13 C NMR study of the molecular dynamics in solid C 76 . An order-disorder or glassy phase transition related to molecular orientation was observed around 135-170 K. In addition, it was found that the effect of impurity or crystallinity on the molecular dynamics differs from those of solid C 60 and C 70 . The origin of the difference was discussed in terms of the lower molecular symmetry of the C 76 molecule. Static susceptibility was also determined and compared with that of solid C 60 and C 70 .
II. EXPERIMENTAL
Pure C 76 was obtained from extraction of carbon raw soot using CS 2 followed by the isolation and purification process by the recycled high-performance liquid chromatography ͑HPLC͒ technique. 12 The purity was more than 99%. The powder C 76 was then dissolved in toluene and crystallized again by evaporation of the solvent. These crystals include a lot of solvent molecules inside. To study the intrinsic property of pure solid C 76 , the sample was further purified by a sublimation technique previously reported. 4 For NMR measurements, a glass tube with the powder sample was evacuated to 10 Ϫ3 Torr and then sealed with helium of ϳ200 Torr. This procedure was important because oxygen is easily absorbed into the sample as was found in solid C 60 ͑Ref. 13͒ and masks the intrinsic spin-latticerelaxation time of 13 C NMR. A conventional pulse NMR technique was used to observe 13 C NMR between 100 and 300 K. The NMR frequency was 40.6 MHz, corresponding to an applied magnetic field of 3.79 T. The frequencies are given in parts per million ͑ppm͒ shift from the resonance frequency of the reference substance. Tetramethylsilane ͑TMS͒ is used for the reference substance in the following.
The static susceptibility was measured by a commercial superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design Ltd.; MPMS͒. The powder sample about 10-20 mg was sealed with helium of ϳ200 Torr in a 5 mm-quartz tube divided by a thin wall at the center.
III. RESULTS AND DISCUSSION
Figures 1͑a͒ and 1͑b͒ show 13 C NMR spectra of two samples of solid C 76 , i.e., 1͑a͒ nonsublimed and 1͑b͒ sublimed solid C 76 , respectively. The low-temperature spectra characterized by the spreading line shape over ϳ150 ppm are typical of aromatic carbons due to the chemical shift anisotropy. Such a spectral property is clear evidence for the absence of molecular rotation faster than ϳ10 kHz ͑order of the linewidth͒ at low temperature. However, with increasing temperature, the NMR linewidth became narrow as shown in Figs. 1͑a͒ and 1͑b͒. These NMR spectral changes can easily be explained by the motional narrowing effect due to the molecular rotation faster than the linewidth ͑ϳ10 kHz͒. Furthermore, it should be noted here that the spectra shown in Fig. 1͑b͒ are, in general, much sharper than those in Fig. 1͑a͒ through a large temperature range, implying that the molecular rotation takes place easier in the sublimed C 76 than in the nonsublimed sample. This is the opposite direction from that 10 Using the shift reported in Ref. 10 and a full width at half maximum of 6 ppm for each line, we were successfully able to reconstruct the room-temperature spectrum as shown in Fig. 2 . This suggests that the C 76 molecule rotates three dimensionally in the crystal at room temperature. More exactly, if the molecule rotates around its longest molecular axis, the direction of this axis must also significantly fluctuate. Here, of particular interest is that, even at low temperatures, we observed no evidence for the anisotropic molecular rotation in the spectra within the experimental accuracy. This is quite a different situation from that found in the case of solid C 70 , where the anisotropic molecular rotation has been found in the NMR powder line shape. 6 Comparing the spectra of the sublimed C 60 and C 76 at low temperature, we can recognize a significant difference ͓Figs. 1͑b͒ and 1͑c͔͒ as follows. Although there are two distinct components of the NMR linewidth in solid C 60 , i.e., broad ͑major͒ and sharp ͑minor͒ lines, the corresponding sharp line was not observed in solid C 76 . The sharp line of solid C 60 is probably related to the crystal imperfection, such as the presence of quasi-free C 60 molecules in the ''amorphous crystal'' region and/or those sitting around impurities ͑solvent molecules, for example͒. These C 60 molecules sitting around the crystal imperfection might rotate very fast and result in the formation of a sharp NMR line. Such an interpretation has been well suggested by comparative NMR studies on sublimed and nonsublimed solid C 60 so far, 4, 14 in which the intensity of the sharp line with the shorter 13 C spin-latticerelaxation time was shown to decrease with increasing sample quality. A similar sharp line was also observed in C 70 solid at low temperature. 6 The lack of a sharp line in C 76 at low temperature, however, does not simply lead to a conclusion such as the absence of the crystal imperfection region or impurities in the present sample. The experimental results rather imply that the C 76 molecular rotation would be significantly affected by other reasons: In solid C 76 , the solvent molecules and/or crystal imperfection tend to prevent the molecular rotation. This interpretation is strongly supported by the spectral differences between Figs. 1͑a͒ and 1͑b͒ , in which the nonsublimed and the sublimed solid C 76 are compared. Significant differences in rotational behaviors observed between solid C 60 ͑C 70 ͒ and C 76 thus can reasonably be interpreted in terms of an intrinsic nature due to a low molecular symmetry of C 76 , D 2 . The impurity molecules ͑and other C 76 molecules͒ may have preferential sites to attack in the C 76 molecule, so that they act as locking centers for the molecular rotation. On the other hand, since C 60 ͑and C 70 ͒ with the higher symmetry ͑I h and D 5h , respectively͒ has much more equivalent sites on the molecule, the impurity may move or jump among these sites, not preventing the molecular rotation. Instead, the crystal packing lost by the impurity makes the molecular rotation easier.
In order to obtain more insight of the molecular dynamics, we measured 13 C spin-lattice-relaxation time T 1 , using the conventional saturation recovery technique. The temperature variation of T 1 is shown in the inset of Fig. 3 . The minimum around 170 K and the magnitude of T 1 suggest a CSA mechanism for T 1 , as in solid C 60 and C 70 . [2] [3] [4] Here, CSA is a chemical shift anisotropy. Then, in the case of isotropic molecular rotation, T 1 is given by the following formula: 15, 16 1
where ␥ is the 13 C magnetogyric ratio, is rotational correlation time, ϭ␥B 0 is the angular Larmor frequency, ⌬ϭ2͕␦ 33 Ϫ͑␦ 11 ϩ␦ 22 ͒/2͖/3, and ϭ͑␦ 11 Ϫ␦ 22 ͒/⌬, where ␦ 11 , ␦ 22 , and ␦ 33 are principal values for the chemical shift tensor
͑CST͒.
Using Eq. ͑1͒ and the same values for ͑␦ 11 ,␦ 22 ,␦ 33 ͒ as those of solid C 60 , 4 we estimated the rotational correlation time, , as shown in Fig. 3 . At 138 K, was also estimated from a condition for the motional narrowing of the 13 C NMR line as ϭ1/⌬, where ⌬ is the linewidth. The figure shows that is described by an Arrhenius law above ϳ170 K,
where 0 ϭ1.8 psec and T 0 ϭ1350 K ͑116 meV͒. Below 170 K, the experimental values become longer than those expected from Eq. ͑2͒, suggesting a phase transition.
In sublimed solid C 60 , 0 ϭ0.022 psec and T 0 ϭ2975Ϯ16 K below the phase transition temperature T c ϭ262Ϯ1.5 K, and 0 ϭ1.41 psec and T 0 ϭ682Ϯ50 K above T c . 4 The corresponding values in the sublimed C 76 ͑ 0 ϭ1.8 psec and T 0 ϭ1350 K͒ above 170 K seems to be close to those of the high-temperature phase in C 60 rather than those of the lowtemperature phase: C 76 molecules may be dynamically disordered above 170 K. This result is consistent with a facecentered-cubic ͑fcc͒ structure at room temperature already reported. 7, 9 Around 170-135 K, the molecular rotation rapidly freezes, suggesting an orientational ordering transition as in solid C 60 .
1,2 The anomalies of solid C 76 around this temperature have also been found in the recent x-ray-diffraction ͑XDR͒ experiments, 17 in which the kinks were observed in the temperature dependence of the lattice constant, and molecular-dynamics calculation study. 18 However, the XDR and transmission-electron microscopy ͑TEM͒ of C 76 have shown no structural change down to 77 K. 7, 9, 17 Therefore, at the present, we cannot rule out another possibility such as a glassy phase transition around 170-135 K. Here, the glassy transition means a freezing of the dynamically disordered states existing in the higher temperature range.
Finally we report the static susceptibility measurement of solid C 76 by a SQUID magnetometer. For the solid C 76 sample purified twice by sublimation, the static susceptibility was determined to be Ϫ7.16Ϯ0.10 cgs ppm per mole of carbon at 300 K and Ϫ7.27Ϯ0.10 at 100 K without significant temperature dependence down to 5 K. However a small amount of Curie-like spins of 0.2% per C 76 molecule was observed. Since the present Curie-like spins gradually decrease by repeating the sublimation procedure, ͑ϳ2% after the first sublimation͒, the observed Curie-like spin might be due to some impurity.
In order to compare the static susceptibility of C 76 to other fullerene families, we also measured the static susceptibility for the sublimed C 60 ͑C 70 ͒ solids as Ϫ4.38Ϯ0.10 ͑Ϫ8.82 Ϯ0.11͒ at 300 K in the units of cgs ppm per mole of carbon with no detectable Curie spins less than ϳ0.03% per molecule, reasonably consistent with reported values by Haddon et al., Ϫ4.33Ϯ0.33 ͑Ϫ7.85Ϯ0.71͒ in the same units at 300 K. 19 Haddon et al. have suggested that the higher fraction of six-membered rings caused by increasing fullerene size should show the larger -electron ring-current diamagnetism, which ultimately approaches the rotational averaged value for graphite. 19 The present result, however, does not seem to justify this prediction. This apparent discrepancy may be due to a large change in the energy gap between the occupied and unoccupied orbitals in solid C 76 . The energy gap abruptly changes into a small value by increasing the size from C 70 to C 76 as demonstrated by photoemission experiments. 20 As a result, a Van Vleck paramagnetic term would increase, resulting in the smaller susceptibility than that expected by the Haddon prediction.
IV. CONCLUDING REMARKS
In the present paper, 13 C NMR and static susceptibility measurements in solid C 76 were reported. The results could FIG. 3 . Temperature dependence of the rotational correlation time of a C 76 molecule in sublimed solid C 76 . These were estimated from the 13 C NMR spin-lattice-relaxation time T 1 shown in the inset, except for the data at 138 K where it was estimated from a motional narrowing condition for the 13 C NMR linewidth ͑see also text͒.
not be understood by simple extrapolation from those of solid C 60 and C 70 . The phase transition related to the molecular orientation has been observed at 260 K for C 60 and ϳ280 and 340 K for C 70 . In solid C 76 , however, the phasetransition temperature was observed at around 170-135 K, which is interestingly far lower than those of C 60 and C 70 . Furthermore, the effect of the presence of impurity and crystallinity on the molecular dynamics is also different from those of solid C 60 and C 70 . These findings may strongly be related to the lower molecular symmetry than those of C 60 and C 70 , and also to the fact that the crystal consists of a mixture of right-handed and left-handed chiral molecules. Further investigations on higher fullerenes than C 76 are in progress.
